analysis of a special Three Speed Squirrel Cage Induction Machine (TSSCIM) with pole changing stator windings. Compared to classical multi-speed induction machines, the studied TSSCIM is designed so as to change in the same time the number of pole pairs (p) and the number of stator phases (m) so as to keep constant the product p x m.
Introduction
Multi-speed squirrel cage induction machines can be used without inverters in several types of cheap and unpretentious electrical drives systems where the machine speed may be changed in steps such as: fans, pumps, drilling machines, food processing machines, etc. [1] - [2] .
An important advantage of this type of machines working as motor is represented by the possibility to obtain different speed ranges only by changing the connexions of the stator windings without using frequency converters [1] .
The speed increase beyond the rated value for a classical inverter fed induction motor supposes typically the increase of the inverter output frequency that means higher iron losses and a poorer efficiency of the machine [3] . A multi speed induction machine allows also a speed increase but at the utility frequency, limiting thus the growth of the iron losses.
The Three-Speed Squirrel Cage Induction Machine (TSSCIM) studied in the paper has a changing number of phases (m) that modifies simultaneously with the number of pole pairs (p) so as the product p x m = ct. [4] .
An expected advantage of the studied TSSCIM working as motor consists not only in the possibility to change the machine speed steps using the same stator windings but also to increase the electromagnetic torque reserve for small speeds range. Such features can be very useful in particular applications such electric vehicles, where the electronic controlled TSSCIM could replace the classical engine and its gearbox.
The utilization of the proposed TSSCIM for wind turbines could be also possible, as a solution to harness more energy from the wind than a classical single speed induction generator [5] .
Short Description of the Studied Machine
The main data of the studied TSSCIM are briefly presented in Table I for the three numbers of pole pairs (p) and phases (m). We can notice that the product m x p is kept constant (i.e. m 1 x p 1 = 3 x 4 = m 2 x p 2 = 6 x 2 = m 3 x p 3 = 12 x 1 = 12). 750/1500/3000
The exterior diameter of the magnetic circuit is 150 mm, the stator bore diameter is 103 mm and the axial machine length is 130 mm.
The poly-phase induction machine is usually associated with an inverter, Fig. 1a ). The stator winding is designed so as the modification of the number of phases and poles to be done by the control of the phase-shift angle between the currents flowing through the 12 coils. In case of 2p=8 machine there are 3 groups of 4 coils parallel connected. The currents flowing through 2 coils placed in different groups are electrically phase-shifted with 120°, Fig. 1b) . For 2p=4 machine each of the 6 groups of coils has 2 coils with identical currents flowing through them. In this case between the currents flowing through two coils placed in two successive groups there is a phase-shift angle of 60°, Fig. 1c ). To operate the machine with 2p=2 the currents flowing through 2 successive coils are phase-shifted with 30°, Fig. 1d ). Fig. 1 . Example of poly-phase inverter used to control the TSSCIM.
A cross-section through the studied TSSCIM is shown in Fig. 2 where we can identify the stator and rotor geometry of the machine and the mesh of the 2D computation domain (with a detail in the air-gap region).
FE 2D Model of the Machine
The FE 2D analysis of the steady state characteristics of the studied machine is based on the following partial differential equation derived from Maxwell's equations [6] :
where A is the magnetic vector potential,  is the magnetic permeability, J s is the current density (apriori unknown) flowing through the stator windings,  is the electric conductivity of solid conductors (i.e. rotor bars in our case),  is the pulsation of supply voltage. The boundary conditions imposed on the external frontier of the stator region is of tangential magnetic field type (i.e. B . n = 0). The stator and rotor magnetic cores are made of electric steel laminations of M600-50A, the machine shaft is made of common steel and the rotor cage is made of aluminum.
Since the current density J s in (1) is not apriori known, the steady-state field model is coupled to the circuit model of the machine, Fig. 3 . The rotor cage is modeled by a special macro-circuit implemented in the Flux software package [6] . The resistances connected across the stator coils are used to model the iron losses in the stator core. The rotor core losses are neglected. 
Numerical Results
By solving the steady state AC problem associated to the TSSCIM when operating as a 2, 4 or 8 pole motor at rated load, we obtained the magnetic field lines and magnetic flux density charts shown in Fig. 4 .
This study is based on a three-phase machine initially rated at 1.1 kW with 8 poles (4 pole pairs) that was slightly redesigned so as to make the magnetic circuit well adapted for all the considered poles numbers. case of electrical machines with several pole pairs the magnetic flux per pole stresses the stator/rotor teeth and their size should be chosen properly to limit their magnetic saturation.
By studying the results in Fig. 4 , we can notice that the average magnetic flux density values in the teeth region and in the stator/rotor yokes regions are acceptable for all the three studied machines. We can remark also that in case of 2p=8 the teeth are more saturated and the yoke less. Even though in case of 2p=4 the area of a magnetic pole increases both the teeth and the yoke are magnetically stressed, Fig. 4b ), because the winding factor in this case is k w_4 =0.707 compared to k w_8 =1 for 2p=8. In case of 2p=2, the winding factor is k w_2 =0.77, but the increase of the magnetic pole area entails a decrease of the saturation level.
By solving (1) for different slip values we obtained the torque slip characteristics for the three studied combinations of poles/phases, in case of motor operation 
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m=3 2p=8 50Hz m=6 2p=4 50Hz m=12 2p=2 50Hz m=6 2p=4 f=100Hz m=3 2p=8 f=100Hz m=3 2p=8 f=200Hz Fig. 6 . Speed-torque characteristics of the TSSCIM for various no. of poles/phases, operating as motor. The speed versus torque characteristics of the studied machines is shown in Fig. 6 . The results in Figs. 5 and 6 emphasize that the pull-out torque increases with the number of poles while the motor speed for a given load torque decreases. Such torque-slip (or speed-torque) characteristics are interesting for electric traction systems, since they allow an easy vehicle speed changing by modifying the number of poles/phases of the same electric motor in three steps. The fine tuning of the vehicle speed can be ensured by the proper control of the frequency of the inverter that supplies the motor. Such electric drive system is reliable and it could replace the classical engine and the corresponding gearbox of a vehicle. In Table II are presented the values of the electromagnetic torque and output power corresponding to the rated current for each of the curves in Fig. 6 . For a speed of about 1500 rpm the output torque of the 4 pole machine supplied at 50 Hz is with 14.5% higher than the torque of the 8 pole machine at 100 Hz. The 2 pole motor at 50 Hz develops a torque with 129% higher than the 4 pole motor at 100 Hz. The variation of the absorbed current per coil with the motor slip and the variation of the power factor with the output power are presented in Figs. 7 and 8 for all the three phase/pole combinations of the TSSCIM, operating as motor. The magenta curve shown in Fig. 7 represents the rated current per coil, having the same value for all the studied cases.
We can notice that the no load current in Fig. 7 increases with the number of poles and the largest start current is obtained for the six-pole machine. Fig. 8 shows that the power factor is the highest for 2p=2 and the lowest for 2p=8.
The torque-slip characteristics of the TSSCIM when operating as generator (i.e. negative slip values) are presented in Fig. 9 . A machine with such characteristics may be attractive for wind turbines. By operating at several speeds the TSSCIM can be an interesting solution to harness more energy from the wind than a classical single speed induction generator. 
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m=3 2p=8 m=6 2p=4 m=12 2p=2 Fig. 9 . Torque-slip characteristics of the TSSCIM for various no. of poles/phases, operating as generator.
We can notice that the pull-out torque in case of generator operation of TSSCIM, Fig. 9 , is much larger than in case of motor operation, Fig. 5 .
Another important performance criterion of the TSSCIM numerically evaluated in the paper is the machine efficiency defined by the relationship:
where P 1 is the absorbed power and P 2 is the useful power delivered by the machine.
In case of motor operation the absorbed power is the active power P 1 = m . U . I . cosj where m is the number of phases, U is the phase voltage, I is the phase current and cosj is the power factor and the output power P 2 is a mechanical power P 2 = T .  where T is the mechanical output torque and  is the rotor angular speed. In case of generator operation the absorbed power P 1 is the mechanical power received from the prime mover and the output power P 2 is the electrical power delivered to the grid. The efficiency curves of the TSSCIM operating as motor presented in Fig. 10 show that the most efficient machine for a wide load range is that with 4 poles.
Conclusion
The numerical analysis presented in the paper proved to be useful for the evaluation of the steady-state load capability of the TSSCIM for three different pole/phase arrangements (2 poles/12 phase, 4 poles/6 phases and 8 poles/3 phases) using the same stator windings.
The numerical results prove that the machine is well designed from magnetic point of view, the magnetic flux density being kept within reasonable limits for all the proposed stator windings arrangements, Fig. 4 . In case of larger number of poles the pull-out torque of the machine increases both as motor and generator making it suitable for the electric drive of vehicles or for wind turbines.
At a first sight we can state that the operation characteristics of the studied motor are not spectacular but we have to keep in mind that the investigation was done starting from a series induction motor. If the initial machine with large number of poles were designed by neglecting the constraints related to the overall size and ventilation we could obtain a higher efficiency machine.
The paper shows also that by the proposed solution we can control the TSSCIM speed in a wide range, 4:1, with superior electrical and operation characteristics.
If we double the synchronous speed of TSSCIM by changing the number of phases we obtain a reduction with only 50% of the pull-out torque while if we double the speed by increasing the supply frequency the pull-out torque decreases about 4 times.
If the TSSCIM operates at small loads we can use pole/phase arrangements with superior operation characteristics.
